We have created fibroblast cell lines that express cyclin A under the control of a tetracycline-repressible promoter. When stimulated to reenter the cell cycle after serum withdrawal, these cells were advanced prematurely into S phase by induction of cyclin A. In an asynchronous population, induction of cyclin A caused a decrease in the percentage of cells in G 1 . These results demonstrate that expression of cyclin A is rate limiting for the G 1 -to-S transition and suggest that cyclin A can function as a G 1 cyclin. Although the level of exogenous cyclin A was constant throughout the cell cycle, its associated kinase activity increased as cells approached S phase. Low kinase activity in early G 1 was found to correlate with the presence of p27
Cyclins are positive regulators of cell cycle progression, initially identified in marine invertebrates as proteins that oscillate dramatically through the cell cycle (16) . Cyclins are now known to be positive regulatory subunits of a class of protein kinases termed cyclin-dependent kinases (cdks). These protein kinases have been shown in a number of diverse eukaryotic systems to be the master regulators of major cell cycle transitions (for reviews, see references 26, 29, 35, and 39) . This has been demonstrated most clearly in the budding yeast Saccharomyces cerevisiae, in which a single cdk, Cdc28, associates sequentially with different classes of cyclins and is essential for both the G 1 -to-S phase transition and the G 2 -to-M phase transition (for a review, see reference 28). In mammalian cells, a higher level of complexity exists than has been found in yeast cells. First, rather than utilizing a single cdk, mammalian cells have been found to express at least six (24, 33, 43) . Second, superimposed on this multiplicity of cdk catalytic subunits is a growing list of different structural types of cyclin (22, 33, 43, 53) .
Mammalian cyclin A (34, 50) was shown to bind and activate cdk2 in S phase and cdk1 (cdc2) in G 2 and M phase (31, 34, 42, 48) . Although cyclin A has been implicated in the control of mitosis in various organisms (20, 25, 31, 46, 49) , an increasing body of evidence suggests that in somatic mammalian cells, cyclin A also has a primary role in regulation of S phase and/or the G 1 -to-S transition. First, cyclin A protein and its associated kinase activity are not detected during G 1 , are first apparent at the G1-to-S transition, accumulate throughout S phase and G 2 , and disappear at M phase (8, 34, 42, 54) . Cyclin A expression was shown to be regulated at the transcription level, since the cyclin A promoter driving a reporter gene is repressed during G 1 and activated at the beginning of S phase (10) . Second, disruption of cyclin A function by microinjection of antibodies or antisense constructs during G 1 inhibits DNA replication (8, 31, 54) . Third, cyclin A was shown to be specifically localized at nuclear replication foci during S phase (3) . Fourth, cyclin A was found in a cellular activity that promotes replication of simian virus 40 DNA in vitro. Moreover, addition of cyclin A to a G 1 extract which is not active in DNA replication was sufficient to start DNA replication (6) .
A possible role for cyclin A in cellular transformation was suggested by the mapping of a hepatitis B virus integration event to the second intron of the human cyclin A gene in a primary liver carcinoma (2, 50) . In this tumor, a hybrid mRNA consisting of 450 nucleotides of the viral pre-S2 and S genes fused in frame to exon 3 to 8 of the cyclin A gene is exclusively transcribed from the constitutive viral pre-S2/S promoter. In the protein potentially encoded by this hybrid mRNA, the amino-terminal 152 amino acids of cyclin A, which contain the cyclin A degradation sequences, are replaced by 150 amino acids from the pre-S2 and S viral proteins. The result of the viral insertion in this tumor, is therefore, constitutive expression of a stabilized cyclin A protein that is expected to be active in a deregulated manner (51) . It was suggested that deregulated expression and activity of cyclin A might contribute to tumor formation, possibly through perturbation of regulation of the G 1 -to-S transition (2, 51) . However, the effects of deregulated expression of cyclin A have never been studied directly, and it remains possible that the tumor in question arose through other mechanisms unrelated to the deregulated activity of cyclin A. To investigate directly whether deregulated expression of cyclin A affects cell cycle regulation, we constructed rat fibroblast cell lines capable of expressing human cyclin A under control of an inducible promoter. We show here that premature expression of cyclin A in early G 1 leads to accelerated entry into S phase, a phenotype similar to that observed upon premature expression of cyclins D and E (1, 18, 30, 37, 40, 52) . We also show that premature expression of cyclin A accelerates phosphorylation of pRb, the product of the retinoblastoma susceptibility gene.
MATERIALS AND METHODS
Plasmids, cell lines, and transfection procedure. Plasmid tet-cyclin A contains the full-length cDNA of cyclin A (SpeI-XbaI fragment of Rc/cyclin A [13] ) cloned into the XbaI site of the expression vector pUHD10-3, which contains tet operator sequences linked to a minimal promoter (40) . R12 is a clone of Rat-1 cells which contains the tetracycline transactivator (40) . Cell lines capable of expressing cyclin A in an inducible manner were obtained by transfecting tet-cyclin A into R12 cells as described previously (40) . Cell lines were maintained in medium containing 2 g of tetracycline per ml, 150 g of hygromycin per ml, and 350 g of G418 per ml. Other supplements to the medium were as described previously (40) .
Immunoprecipitation, immunoblots, and H1 kinase assays. Fifty micrograms of cell lysate prepared as described previously (40) was separated on a sodium dodecyl sulfate (SDS)-polyacrylamide gel (8.5% acrylamide) and blotted to an Immobilon membrane (Millipore). Western blot (immunoblot) analysis was performed on different parts of the membrane with an anti-pRb monoclonal antibody (PMG3-245; PharMingen) or an anti-cyclin A, anti-cyclin D1 (40), or anti-p27
Kip1 (12) polyclonal antibody. One-hundred-microgram aliquots of cell lysate were used to study the amount of p27
Kip1 in cyclin A-associated complexes following immunoprecipitation with the anti-cyclin A polyclonal antibody. The immunoprecipitates were washed, heated to 37ЊC for 10 min, separated on SDS-12% polyacrylamide gels, and blotted to an Immobilon membrane. Western analysis was performed with anticyclin A and anti-p27
Kip1 polyclonal antibodies. One-hundred-to two-hundred-microgram aliquots of cell lysate were used to determine cyclin A-associated kinase activity following immunoprecipitation with the anti-cyclin A polyclonal antibody, using histone H1 as a substrate, as described previously (40) .
Cell cycle analysis. Cells were labeled for 15 to 30 min with bromodeoxyuridine (BrdU; Amersham), fixed, and stained with fluorescein isothiocyanateconjugated-anti-BrdU (Becton Dickinson) and propidium iodide (PI; Calbiochem) as described previously (21) . Ten thousand stained cells were analyzed in a fluorescence-activated cell sorter (FACScan; Becton Dickinson).
RESULTS

Acceleration of entry into S phase.
We have used a tetracycline-repressible expression system (9) to construct cell lines that express cyclin A in an inducible manner. An expression vector containing the cDNA of human cyclin A under the control of the tet promoter was introduced into a subclone of Rat-1 cells, R12, that contains the tetracycline transactivator (40) . Five independent clones capable of conditional expression of cyclin A were isolated. To study the effect of cyclin A expression on G1-to-S progression, the cells of one of these clones, A10, were arrested in G 0 by fetal calf serum (FCS) withdrawal under noninducing conditions and then stimulated to reenter the cell cycle with or without cyclin A induction. This protocol leads to synchronous progression through G 1 and entry into S phase, which can be monitored by analysis of cell cycle distribution at different times following serum stimulation. Flow cytometric analysis of cell cycle distribution showed that cells induced for cyclin A expression enter S phase 3 h before noninduced cells ( Fig. 1A and B) , suggesting that cyclin A expression can be rate limiting for the G1-to-S transition. Analysis of cyclin A expression in induced populations as a function of cell cycle progression revealed that the induced cells had lost the typical periodicity of cyclin A expression and express constant levels of cyclin A protein throughout G 1 (Fig.  1B) . The level of exogenous protein is only twofold higher than the level of endogenous cyclin A later in the cell cycle (compare lanes 2, 4, 6, and 8 with lane 10 in Fig. 1B ). Figure 1C shows that the activity of the induced cyclin A-associated kinase in early G 1 is comparable to the activity of the endogenous cyclin A-associated kinase in early S phase. Therefore, the phenotype of premature entry into S phase, observed as a result of cyclin A expression, is not a result of massive overexpression but rather is the result of deregulated expression. Analysis of the other four cyclin A-expressing clones revealed a similar phenotype; induction of cyclin A expression in early , and A10 were seeded in 60-mm-diameter plates in medium containing 10% FCS and 2 g of tetracycline per ml; 24 h later, the medium was replaced with starvation medium (no FCS) containing tetracycline. After 48 h, the cells were washed, and the medium was replaced with starvation medium with (noninduced) or without (induced) tetracycline. The medium was again replaced 24 h later with medium containing 10% FCS with (noninduced) or without (induced) tetracycline. At the indicated times following serum stimulation, cells were either lysed or subjected to cell cycle analysis using flow cytometry. G 1 leads to premature entry into S phase ( Fig. 1D and data not shown).
The effect of cyclin A expression on the G 1 -to-S phase transition was also observed in asynchronous cultures. Induction of cyclin A in asynchronous populations of clones A7 and A8 leads to a decrease in the percentage of cells in G 1 and an increase in the percentage of cells in S phase, while the percentage of cells in G 2 /M does not change (Fig. 2) . The changes in the percentages of cells in G 1 upon cyclin A induction are 12% for clone A8 (from 54.1 to 47.7%), and 15% for clone A7 (from 51.1 to 43.5%). Although these changes are small, they are highly significant. Statistical analysis with Student's t distribution revealed that the reduction in percentage of cells in G 1 in response to cyclin A induction for clones A7 and A8 is significant to a greater than 99% confidence level. From the analysis of the effect of cyclin A induction in asynchronous populations, one cannot discriminate between shortening of G 1 and slowing down of S phase. However, from the synchronous experiment (Fig. 1) , it is clear that the induction of cyclin A indeed shortens G 1 . Taken together, the results of Fig. 1 and 2 demonstrate that deregulated expression of cyclin A leads to shortening of G 1 and premature entry into S phase.
Delay of activation of cyclin A-associated kinase. Comparison of Fig. 1B and C reveals that while the activity of the induced cyclin A-associated kinase in early G 1 is similar to the activity of the endogenous cyclin A-associated kinase at early S phase, the level of the induced protein in early G 1 is significantly higher. We therefore wondered whether the same amount of cyclin A protein can give rise to different levels of kinase activity at different stages of the cell cycle. Figure 3 shows that while the induced cyclin A is maintained at a constant constant level, the cyclin A-associated kinase activity increases as cells progress through G 1 . Similar observations were made with respect to cyclin E protein and its associated kinase activity (41) . These results suggest that an inhibitory mechanism functions in G 1 to prevent premature activation of cyclin E-and cyclin A-associated kinases.
The activation of cyclin-dependent kinases has been shown to be controlled at multiple levels. In most systems studied so far, the catalytic subunit is constitutively expressed, and its activity is regulated by cyclin binding, phosphorylation of specific residues, and binding of inhibitor proteins (for review, see references 5, 27, and 45). Several protein inhibitors of cyclincdk complexes implicated in regulating cdk activity have recently been identified (17, 32). The steady-state level of one of these inhibitory proteins, p27
Kip1 (11, 36, 47) , shows a distinct cell cycle periodicity. p27
Kip1 levels were shown to be high in early G 1 and to decrease as cells approach S phase in several cell lines (12) . We therefore considered the possibility that binding of p27
Kip1 to cyclin A-containing complexes in early G 1 was responsible for their low kinase activity. To investigate this, we measured the amount of p27
Kip1 in our cyclin A-inducible cell lines in early and late G 1 . Figure 4A shows that p27
Kip1 levels are indeed high 4 h after serum stimulation and low 15 h after serum stimulation in clone A7. The same results were obtained for clone A10 (data not shown). Figure 4A further shows that induction of cyclin A has no effect on the amount of p27
Kip1
. We then measured the amount of p27 Kip1 present in cyclin A immunoprecipitates in early and late G 1 . Figure 4B shows that while cyclin A immunoprecipitates contain the same level of the induced cyclin A protein at 4 and 15 h after serum stimulation, the amount of p27
Kip1 is high at 4 h and almost nondetectable at 15 h, when the associated kinase activity is significantly higher. These results suggest that when cyclin A expression is deregulated, binding of p27
Kip1 to cyclin A-containing complexes in early G 1 leads to inhibition of their activity. Figure 4B further shows that the low level of endogenous cyclin A expressed in these cells in G 1 (under noninduced conditions) is capable of being active in late G 1 
and that binding of p27
Kip1 to endogenous cyclin A-containing complexes is likely to negatively regulate their activity in early G 1 ( Fig. 4B ; compare lane 1 with lane 3). We have repeatedly observed in Rat-1 cell lines synchronized by the serum starvation-stimulation procedure that the increase in cyclin A-associated kinase activity in late G 1 /early S phase precedes the increase in the amount of the cyclin A protein (Fig. 4C and data not shown). It is therefore suggested that inhibition of cyclin A-associated kinase in early G 1 
by binding of p27
Kip1 is likely to have biological importance in cases of deregulated cyclin A expression as well as in the normal progression of cells from G 1 to S phase (see Discussion).
Acceleration of pRb phosphorylation. Phosphorylation of pRb on cdk consensus phosphorylation sites is necessary in order to allow entry into S phase (for reviews, see references 4, 14, 15, and 44). Cyclin A was previously shown to promote this phosphorylation when plasmids expressing cyclin A and pRb were cotransfected into Saos-2 osteosarcoma cells (13) . We therefore addressed the issue of whether the rate-limiting func- 3 . Cyclin A-associated kinase activity increases throughout G 1 , while protein level remains constant. Clone A7 was arrested in G 0 by serum starvation and stimulated to reenter the cell cycle with or without cyclin induction as described for Fig. 1 . At the indicated time points following serum stimulation, cells were either lysed or subjected to cell cycle analysis using flow cytometry. The levels of cyclin A protein and the cyclin A-associated kinase activity were determined at the indicated times as described in Materials and Methods. The percentage of cells in S phase was calculated from the flow cytometric data.
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ tion controlled by cyclin A in the context of the G 1 -to-S phase transition could be pRb phosphorylation. Since hyperphosphorylated pRb has been shown to migrate more slowly than hypophosphorylated pRb on SDS-polyacrylamide gels (23), we studied the effect of cyclin A induction on pRb mobility in cells emerging from quiescence. Figure 5 shows that premature expression of cyclin A in clone A10 leads to acceleration of pRb phosphorylation, detectable as early as 3 h after serum stimulation. Premature phosphorylation of pRb is not a reflection of the acceleration of entry into S phase, since entry into S phase in this experiment was accelerated by 3.9 h, while pRb phosphorylation was accelerated by 10.3 h (Fig. 5B) . The same type of analysis for clone A7 gave similar results (Fig. 5B) . We have recently found that premature expression of cyclin D1 but not of cyclin E leads to early appearance of the more slowly migrating pRb form (41) . We therefore wondered whether cyclin A expression causes premature expression of endogenous cyclin D1, which in turn leads to pRb phosphorylation. Figure 5A shows that endogenous cyclin D1 expression is not affected by induction of cyclin A. It also shows that significant levels of pRb phosphorylation are apparent at 3 and 6 h poststimulation, when endogenous cyclin D1 protein is not detectable.
DISCUSSION
The transcription of cyclin A is tightly regulated in a cell cycle-dependent manner; it is repressed during G 1 and induced at the S-phase boundary (10) . We show here that premature expression of cyclin A cDNA leads to accumulation of cyclin A protein and activation of cyclin A-associated kinase in early G 1 , at a level normally associated with cells in S phase. This, in turn, leads to premature entry into S phase, as well as acceleration of pRb phosphorylation. These results suggest that cyclin A expression is rate limiting for the G 1 -to-S transition, as has been previously shown for G 1 cyclins in S. cerevisiae (38) and for the mammalian G 1 cyclins E and D (1, 18, 30, 37, 40, 52) . These results may be interpreted in two alternative ways. First, cyclin A may be performing its normal role prematurely. This implies that cyclin A is indeed normally involved in determining the timing of the G1-to-S transition and phosphorylation of pRb. We refer to this possibility as mistiming of function. The second interpretation is that the effects described here are not relevant to the normal roles of cyclin A. It is possible that cyclin A, when prematurely expressed, assumes the function of a genuine G 1 cyclin that is typically active in G 1 . It is also possible that cyclin A causes premature activation of such a cyclin through an effect on its synthesis or through titration of inhibitors (for a review, see reference 17). We refer to this second possibility as gain of function. We have recently shown that premature expression of cyclin D1, similarly to premature expression of cyclin A, leads to accelerated pRb phosphorylation. However, premature expression of cyclin E fails to stimulate phosphorylation of pRb that can be detected by an electrophoretic mobility shift (41) . It is therefore unlikely that the effects of cyclin A expression described here are due to assumption of cyclin E functions or activation of endogenous cyclin E. It is also unlikely that cyclin A expression in early G 1
FIG. 4. Presence of p27
Kip1 in cyclin A-containing complexes is correlated with reduced activity. (A and B) Clone A7 was arrested in G 0 by serum starvation and stimulated to reenter the cell cycle with or without cyclin induction as described for Fig. 1 . Cell lysates were prepared 4 and 15 h after serum stimulation as described in Materials and Methods. (A) Western analysis with an anti-p27
Kip1 antibody following separation of 100 g of cell lysate on SDS-12% polyacrylamide gels. (B) Cyclin A-containing complexes were immunoprecipitated (IP) from 100 g of cell lysate with an anti-cyclin A polyclonal antibody. The immunoprecipitates were washed and subjected either to Western analysis (top) or an in vitro kinase assay (bottom) as described in Materials and Methods. (C) Clone E2 (40) was arrested in G 0 by serum starvation and stimulated to reenter the cell cycle without cyclin E induction as described for Fig. 1 . At the indicated times following serum stimulation, cells were either lysed or subjected to cell cycle analysis using flow cytometry. The levels of cyclin A protein and the cyclin A-associated kinase activity were determined at the indicated time points as described in Materials and Methods. The percentage of cells in S phase was calculated from the flow cytometric data. activates endogenous cyclin D1, since the effects of cyclin A expression on pRb phosphorylation are detected before endogenous cyclin D1 protein is present. However, we cannot exclude the possibility that cyclin A, when expressed in early G 1 , assumes the G 1 function of cyclin D1 which we presume to be promoting entry into S phase by phosphorylation of pRb (41) . We also cannot exclude the involvement of another, as yet unknown G 1 cyclin that cyclin A might either stimulate or replace. Therefore, at the moment we cannot discriminate between the mistiming-of-function and gain-of-function models. However, whichever interpretation is correct, it is clear that the phenotype of deregulated expression of cyclin A shown here is potentially relevant to any case of deregulated expression of cyclin A occurring as a result of translocation, viral insertion, or any other form of DNA rearrangement. In all of these cases, the resultant phenotype will be disruption of the tight regulation of the G 1 -to-S transition and premature entry into S phase, as demonstrated here. Perturbations of the control of the G 1 -to-S transition are thought to contribute to deregulated growth and tumor formation, although at the moment the mechanisms involved remain to be elucidated. Cyclin A-dependent kinase was recently shown to associate with and phosphorylate the E2F-1/DP-1 complex. This phosphorylation abolished the ability of the E2F complex to bind DNA and mediate transcription transactivation (7, 19) . It was therefore suggested that activation of cyclin A-dependent kinase in S phase leads to deactivation of E2F activity in S phase and G 2 and consequently to down regulation of E2F-responsive genes. Our results seemed surprising in view of these recent observations. If active cyclin A-dependent kinase indeed causes down regulation of E2F activity, one would expect cells expressing cyclin A constitutively in G 1 to have difficulty entering S phase, since E2F-responsive genes would not be induced. Nevertheless, the results shown here demonstrate that entry into S phase is accelerated rather than inhibited and suggest that E2F down regulation by cyclin A may be superseded by other regulatory events.
We have shown here that although the level of exogenous cyclin A was constant throughout the cell cycle, its associated kinase activity was low in early G 1 and increased as cells progressed toward S phase. We have further shown that the low cyclin A-associated kinase activity in early G 1 is correlated with binding of p27
Kip1 to cyclin A-associated complexes. p27
Kip1 levels were shown to be high in early G 1 and to decrease in late G 1 ( Fig. 4A and reference 12) , at the time that the kinase activity associated with exogenous cyclin A increases. These results suggest that in cases of deregulated cyclin A expression, the balance between the amount of p27 Kip1 and the amount of cyclin A/cdk complexes present in G 1 determines the cyclin A-associated kinase activity. In early G 1 , the level of p27
Kip1 is high, causing almost complete inhibition of cyclin A-associated kinase activity. Later in G 1 , the amount of p27
Kip1 decreases, allowing more cyclin A complexes to be active, leading to the observed phenotype, premature entrance into S phase.
Cyclin A mRNA, protein, and the associated kinase activity were shown to increase as cells enter S phase (8, 34, 42, 54) . While in many cell systems cyclin A protein has been reported to be nondetectable in G 1 , in our Rat-1 cell lines (without induction of any exogenous cyclin), we can easily detect endogenous cyclin A protein in G 1 cells emerging from quiescence. However, we can detect no associated kinase activity. When these cells reach the G 1 -to-S transition, the level of endogenous cyclin A protein, as well as its associated kinase activity, increases. Careful kinetic experiments, however, show that the increase in endogenous cyclin A-associated kinase activity in late G 1 /early S phase precedes the increase in the amount of endogenous cyclin A protein. We have shown here that the same low level of endogenous cyclin A present in G 1 is inactive when p27
Kip1 is associated with it but is active when p27 Kip1 is not present. These results suggest that the role (or one of the roles) of p27
Kip1 is to inhibit the activity of preexisting cyclin A-containing complexes in G 1 . The amount of p27
Kip1 is down regulated in late G 1 , leading to release of this inhibitory constraint and activation of preexisting cyclin A complexes. It is FIG. 5 . Phosphorylation of pRb is accelerated to a greater degree than entrance into S phase. Clones A7 (B) and A10 (A and B) were arrested in G 0 by serum starvation and stimulated to reenter the cell cycle with or without cyclin induction as described for Fig. 1 . At the indicated times following serum stimulation, cells were either lysed or subjected to cell cycle analysis using flow cytometry. Kip1 is the first step in cell cycle activation of cyclin A-associated kinase, which then might, via a positive feedback loop, increase cyclin A synthesis, a scenario postulated for G 1 cyclins in S. cerevisiae (28) . It will be interesting to determine whether p27
Kip1 regulates the activity of cyclin D1 and/or cyclin E in a similar fashion.
